obtained when four hexagons are transformed by a bond transposition of 90 • into two pentagonheptagon pairs, thereby conserving the number of the atoms. They can be formed thermally in pristine graphene, but have a formation energy of ∼ 5 eV, and thus pristine graphene may host only a few of them. On the other hand, such defects and similar ones can be frozen in during annealing process and it is therefore not surprising that they have been experimentally observed. [14] [15] [16] Moreover, there have been proposals for their controllable production in graphene. 10 Techniques to characterize the crystal structure of graphene include direct local ones, such as transmission electron microscopy (TEM), scanning tunneling microscopy (STM) 17 and atomic force microscopy (AFM), 18, 19 as well as the indirect ones, among which Raman spectroscopy, [20] [21] [22] X-ray absorption spectroscopy, [23] [24] [25] inelastic electron tunneling spectroscopy (IETS), [26] [27] [28] and neutron scattering. 29, 30 Although widely used, Raman spectroscopy is limited by selection rules to only a certain number of Raman-active vibrational modes, which include the so-called G and 2D peaks located at 1580 cm −1 and 2680 cm −1 , respectively, 31 originating from the G and D phonon modes. 32 In the presence of disorder, due to the breaking of the lattice symmetry, the D mode at 1340 cm −1 , Raman inactive in pristine graphene, becomes active. However, little is known about the specific experimentally observable signatures of the structural defects, such as point and line defects, in the vibrational spectrum. This is an important problem especially in light of the recent mapping of the entire vibrational spectrum of graphene by IETS, 33 and reported signature vibrational bands in CVD graphene with defects 22 .
In this Letter, we show that the nature and density of structural point and line defects in graphene samples can be characterized by the specific and distinct features in the VDOS. These features are directly detectable in IETS and neutron scattering, which are not limited by selection rules, as opposed to the Raman spectroscopy, and can thus probe the entire vibrational spectrum. 33 Specifically, using a recently developed effective semiempirical elastic potential 34 we show that the presence of the point-like SW defects in pristine flat graphene gives rise to a simultaneous decrease in the VDOS of the peaks corresponding to high-frequency D and F modes [ Figs. 1(a) and 2]. More importantly, the graphene membrane has a natural tendency to buckle, and as a re-sult new low-energy vibrational states appear, with a particularly pronounced L and L' peaks [ Fig.   1(a) ]. When the SW defects are introduced, the intensities of these characteristic modes simultaneously decrease, and the peak positions shift toward higher values of frequency (blue shift), see Fig. 3 . On the other hand, we find that line defects give rise to a blue shift of the D peak in conjunction with the decrease of its intensity. Substrate plays an important role in the production of graphene samples, 35, 36 and we therefore show that the decrease in the VDOS of low-frequency modes without any shift signals its presence.
To calculate the vibrational spectrum of graphene, we use a recently developed effective semiempirical elastic potential 34
Here, r i j is the distance between two bonded atoms, θ jik is the angle between the two bonds connecting atom i to atoms j and k, and r i, jkl is the distance between atom i and the plane through the three atoms j, k and l connected to atom i. The parameter α = 26.060 eV/Å 2 controls bondstretching and is fitted to the bulk modulus, β = 5.511 eV/Å 2 controls bond-shearing and is fitted to the shear modulus, γ = 0.517 eV/Å 2 describes the stability of the graphene sheet against buckling, and d = 1.420 Å is the ideal bond length for graphene. The parameters in the potential (eq. 1)
are obtained by fitting to density-functional theory (DFT) calculations. 34 Additionally, the effect of the substrate to the buckled graphene sample is described by an extra harmonic term
where K is the effective elastic constant for the graphene-substrate interface, and z i is the distance of atom i from the graphene plane.
The vibrational spectrum is obtained from the above potential. The VDOS represents the number of modes at a certain frequency, and the total area under the VDOS gives the total number of vibrational modes, which is 2N for a flat and 3N for a buckled graphene sheet, with N the total number of atoms in the sample. In our plots, the VDOS is convoluted with a gaussian function with a width of σ = 14 cm −1 , and N = 680; this is much larger than system sizes in previous ab initio studies of pristine graphene and graphene with defects. [37] [38] [39] [40] Furthermore, we have computed the relative decrease of the number of modes corresponding to the characteristic bands as a function of the defect density. We have performed this computation by counting the number of modes with VDOS greater than a certain fixed value selected by the symmetry of the characteristic peak, see
Figs. 2(d) and 3(e).
Pristine flat and buckled graphene sheet:-We first calculate the VDOS for a flat pristine graphene sample, which serves as the reference spectrum in the following. The plot displayed in Fig. 1(a) shows the characteristic peaks that correspond to D and G vibrational bands, of which only the latter is Raman active. 32 The corresponding modes, shown in Figs. 1(b) and 1(c) transform under E 2g and A 1g representations of the graphene's D 6h point group symmetry, respectively. 41 Notice that the hallmark feature of the monolayer graphene, the Raman-active G mode, which is at the maximum frequency in the vibrational spectrum, see Point SW defects in flat and buckled graphene samples:-We now study the VDOS in flat graphene with point-like SW defects , see Fig. 2(b) . The obtained VDOS is displayed in Fig.   2 (a). We first observe that significant changes in the VDOS occur in the high-frequency region, at frequencies above 500 cm −1 . As the density of the defects increases, the VDOS at the peaks decreases. On the other hand, the VDOS at the minima increases, as a consequence of the con- The SW defects in the buckled graphene sheet [ Fig. 3(a) ] have a drastic effect on the lowfrequency L and L' vibrational bands. Their presence gives rise to the simultaneous decrease of the corresponding peaks in the VDOS, together with the increase of the mode corresponding to the minimum between the two maxima in VDOS, as shown in Fig. 3(b) . The decrease in VDOS of the two peaks is proportional to the defect concentration [ Fig. 3(c)] , and it appears to be significant.
For instance, for the defect concentration of n SW 0.7% it is of the order of 30%. Furthermore, this decrease occurs in conjunction with a systematic blue shift of the maximum of the two modes as the density of the defects increases, see Fig. 3(d) . In particular, for the defect density n SW ∼ 0.7 %, it is of the order of 25% and 15% for L' and L mode, respectively. Finally, we find a significant relative decrease in the number of modes as a function of the defect density, which is ∼ 40% and ∼ 30% for the L and L' bands, respectively, see Fig. 3(e) .
Signatures of the domains and the substrate in the VDOS:-We now turn to the effects of the grain boundary [ Fig. 4(a) ] to the vibrational modes in flat graphene. As can be seen in Fig. 4(b) , the most prominent features in the VDOS are visible in the high-frequency region. In particular, the intensity of both the F and D bands decreases by approximately 35%, followed by the simultaneous blue shift of both bands by about 2%. These effects should be contrasted to the behavior of VDOS in the presence of the single point-like SW defects, where no such a shift occurs either in confined two-dimensional geometry or in buckled samples. This blue shift may be attributed to the fact that due to the presence of the defects, the atomic bonds become shorter and therefore stiffer at the position of the defects. The corresponding modes thus become shifted to higher frequencies as compared to the defect-free sample. Notice that this effect is negligible in the case of the confined graphene sample because the relative change of the parameter α in the effective potential (eq. 1) is very small, less than 1%. In a buckled sample, on the other hand, due to the fact that the out-of-plane modes are soft, this change is much larger, ∼ 20%, and therefore leads to the obtained more pronounced effect, see the inset of Fig. 3(b) . Finally, we consider the effect of the substrate described by the term (eq. 2) in the effective potential. We plot VDOS for several values of the parameter K in Fig. 4(c) , and observe that the intensity of the low-frequency L and L' peaks decreases by about 5% [see inset of Fig. 4(c) ], without any shift in the position, which is yet different from point defects where such a decrease is followed by the blue shift of the peaks.
Notice that this suppression of the intensity of the L and L' peaks due to the confinement by the substrate is in qualitative agreement with the experimentally observed low-intensity out-of-plane phonon modes in the backgated graphene sample placed on a substrate. 33 Although the harmonic confinement potential (eq. 2) is certainly a crude description of the real interaction, it may be improved to also accurately capture the quantitative features of the experimentally observed VDOS spectrum.
To conclude, we have shown that the VDOS can be used as a tool to detect the presence of point and line defects in graphene sheets. The confined two-dimensional graphene sample in the presence of the defects shows clear features in the high-frequency VDOS, while the most pronounced effects of the buckling appear at low-frequencies. Given the recent measurement of the entire vibrational spectrum of backgated graphene placed on a substrate using IETS, 33 we hope that our findings will stimulate further experiments to probe the structural defects in this material. Our results can also be used to calculate the corresponding Raman response using different models. 42, 43 We would like to point out that our findings may also be applicable to other two-dimensional materials that could be described by a semiempirical potential of the form (eq. 1), such as nanoporous carbon. 44, 45 We hope that these results will stimulate further studies of vibrational properties of other carbon-based nanomaterials such as carbon-nanotubes, 46 ,47 graphene nano-ribbons, 48 and functionalized graphene. 49 
